We describe the ref lection of a strongly focused beam from an interface between two dielectric media. If the beam is incident from the optically denser medium, the image generated by the ref lected light is strongly aberrated. This situation is encountered in high-resolution confocal microscopy and data sampling based on solid immersion lenses and oil immersion objectives. The origin of the observed aberrations lies in the nature of total internal ref lection, for which there is a phase shift between incident and ref lected waves. This phase shift displaces the apparent ref lection point beyond the interface, similarly to the Goos -Hänchen shift.
In various experimental situations light is focused on or near an interface between dielectric media. For some techniques such as confocal microscopy and laser tweezers the focused light is incident from the optically denser medium. 1   The  aberrations were predicted in 1952 by Maeckler and  Lehmann, 2 who analyzed the ref lected field of a point source near a dielectric interface by using both a geometrical optics and a scalar wave theory approach. Shortly after, the aberrations were experimentally verified by Lehmann and Maeckler. 3 Here we present a rigorous but physically intuitive derivation based on the angular spectrum representation of optical f ields.
Our analysis is based on the configuration shown in Fig. 1 . A 45 ± beam splitter ref lects part of the incoming beam upward, where it is focused near a planar interface by a high-NA objective lens. The distance between focus ͑z 0͒ and interface is designated z o . The ref lected f ield is collected by the same lens, transmitted through the beam splitter, and then focused by a second lens onto the image plane. Whereas the fields near the interface were recently investigated, 4, 5 we intend to derive the f ield distribution in the image plane. We assume that both lenses are aplanatic to fulfill the sine condition and the power law of geometrical optics.
To start, we remove the medium with index n 2 and consider a homgeneous medium with index n 1 . We choose a coordinate system at the geometrical focus of the high-NA lens ͑ f ͒ and express the electric f ield E near the focus in terms of an angular spectrum as
Here k x and k y denote the transverse components of wave vector k 1 ͑k 1 n 1 2p͞l͒ and k z1 ͓k 1 2 ͑k x 2 1 k y 2 ͔͒ 1͞2 is the corresponding longitudinal wave number. The integration runs over the range of spatial frequencies def ined by the NA of the focusing lens. E denotes the Fourier spectrum of the electric f ield evaluated at z 0. It can be expressed in terms of the far f ield E`on reference sphere f as
where the far field E`is evaluated in the direction of the dimensionless unit vectorŝ
We assume that the incident f ield E inc E onx is a weakly focused Gaussian beam polarized along the x direction and with a beam waist much larger than the extent of the focusing lens (overfilled back aperture). After being refracted at reference sphere f , the incident f ield corresponds to E`, and the field near the focus can be evaluated from Eq. (1). 7 Next we introduce a second medium, with index n 2 , forming a planar interface transverse to the optical axis at z z o . To describe ref lection at this interface we decompose the spectrum of plane waves in Eq. (1) 
A similar expression can be derived for the transmitted field by use of the Fresnel transmission coeff icients.
Using Eqs. (2) and (3), we can derive the far f ields of the ref lected field. After refraction at reference sphere f the ref lected field turns into a collimated beam, which can be expressed in cylindrical coordinates ͑r, f, z͒ as (1) and (2) for calculating the electric field E ref near the focus of the second lens. To solve the resultant integrals we express the wave numbers k x , k y , and k z3 in spherical coordinates ͑r, u 0 , f͒. As indicated in Fig. 1 , angles u and u 0 are related by sin u͞sin u 0 f 0 ͞f , which allows us to express angle u 0 in terms of u. For longitudinal wave number k z3 we obtain
where we have required that the second focusing lens have a much larger focal length than the f irst lens, i.e., f ͞f 0 , , 1. After expressing f ield point r in image space in cylindrical coordinates ͑r, w, z͒ and retaining only the lowest orders of f ͞f 0 , we can express the image field as
with I 0 ͑r, z͒ Z umax 0 cos u sin u͓r p ͑u͒ 2 r s ͑u͔͒
Here we have expressed the Fresnel ref lection coefficients in terms of u by using k z1 k 1 cos u and k z2 k 2 ͓1 2 ͑n 1 ͞n 2 ͒sin 2 u͔ 1͞2 . u max is def ined through NA n 1 sin u max , and the magnification of the system is M f 0 n 1 ͑͞ fn 3 ͒. For numerical integration it is convenient to subdivide the integration range because the integrands in Eqs. (7) and (8) have discontinuities at the critical angle.
To discuss the f ield distributions in the image plane we choose n 1 1.518, n 3 n o 1, and as a function of slight defocus for an ideally ref lecting interface. The spot shape and size are not significantly affected by the defocus. However, as shown in the upper row of Fig. 2 , the situation is quite different if the medium beyond the interface is a dielectric with an index of refraction n 2 , n 1 . In this case the ref lected spot changes greatly as a function of defocus and the spot shape deviates considerably from a Gaussian spot. The overall size of the spot is increased, and the polarization is not preserved (I 0 and I 2 are of comparable magnitude). The patterns displayed in Fig. 2 can be verified in the laboratory. However, some care has to be applied when one is using dichroic beam splitters because they have slightly different characteristics for s-and p-polarized light. Using a polarizer in the ref lected beam path allows one to examine the two polarizations separately, as shown in Fig. 3 
